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ABSTRACT

Two new oxynitride double perovskites of composition SrFeMoOg_4N, (x=0.3, 1.0) have been
synthesized by annealing precursor powders obtained by citrate techniques in flowing ammonia at
750 °C and 650 °C, respectively. The polycrystalline samples have been characterized by chemical
analysis, x-ray and neutron diffraction (NPD), Mdssbauer spectroscopy and magnetic measurements.
They exhibit a tetragonal structure with a=5.5959(1) A, c=7.9024(2) A, V=247.46(2) A> for SrFe-
MoOs7Ng3; and a=>5.6202(2) A, c=7.9102(4) A, V=249.85(2) A3 for Sr,FeMoOsN; space group [4/m,
Z=2. The nitridation process seems to extraordinarily improve the long-range Fe/Mo ordering,
achieving 95% at moderate temperatures of 750 °C. The analysis of high resolution NPD data, based
on the contrast existing between the scattering lengths of O and N, shows that both atoms are located
at (O,N)2 anion substructure corresponding to the basal ab plane of the perovskite structure, whereas
the O1 site is fully occupied by oxygen atoms. The evolution of the (Fe-O) and (Mo-0) distances
suggests a shift towards a configuration close to Fe**(3d?* S=2):Mo’*(4d', S=1/2). The magnetic
susceptibility shows a ferrimagnetic transition with a reduced saturation magnetization compared to
SroFeMoOg, due to the different nature of the magnetic double exchange interactions through Fe-N-
Mo-N-Fe paths in contrast to the stronger Fe-O-Mo-0O-Fe interactions. Also, the effect observed by
low-temperature NPD seems to reduce the ordered Fe moments and enhance the Mo moments, in

agreement with the evolution of the oxidation states, thus decreasing the saturation magnetization.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In the last decade, some members of the family of double
perovskites of composition A;B'B"Og (A=alkali earths, B, B":
transition metals) have been proposed as half-metallic ferro-
magnets, as an alternative to perovskite manganites [1-3].
At first, Sr,FeMoOg was shown to exhibit intrinsic tunneling-type
magnetoresistance at room temperature [1]. In this oxide the B
positions of the perovskite structure are occupied alternately by
Fe and Mo atoms, in such a way that each FeOg octahedron is
corner-linked to 6 MoOg octahedra, and vice versa. The magnetic
structure was described [1] as an ordered array of parallel Fe3+
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(3d°, S=5/2) magnetic moments, antiferromagnetically coupled
to Mo®* (4d', S=1/2) spins.

Many efforts have been devoted to understand and optimize
the properties of Sr,FeMoOg, in particular to avoid the effects of
the so-called “antisite disorder”, implying that some Mo°*
cations occupy the positions of Fe>* cations and vice versa. It is
well known that the intensity of the ferromagnetic interactions
decreases when the disorder increases, disturbing the magnetic
order temperature (Tc) and the saturation magnetization (M;)
[4-6]. In addition, predictions based upon band-structure calcula-
tions suggest that the disorder modifies the band structure of the
material by partially suppressing the spin polarization and redu-
cing the half-metallic and ferrimagnetic characteristics of the
compound [7,8]. For instance, Niebieskikwiat et al. [9], using solid
state methods, obtained a material with Ms=2.7 pg and
Tc~405 K. Chmaissem et al. [10] also prepared this material by
solid state synthesis and subsequently reduction in 1%/99% H,/Ar
flow at high temperatures, describing a compound with 4% of the
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Fe cations over the Mo positions and Ms=3.6 pg. Martinez et al.
[11] and Navarro et al. [12] were able to elaborate Sr,FeMoOg
with only 2% of cationic disorder, Ms=3.75 g and Tc~420K. In a
previous work, using wet chemistry methods, we prepared
SroFeMoOg almost completely ordered with Ms=3.98 g and
record magnetoresistance at room temperature [2].

Many other double perovskites have been described as possi-
ble candidates for half-metallic ferromagnets, for instance
AFeMoOg (A=Ca, Ba) [13,14] or A,FeReOg (A=Ca, Sr, Ba)
[15-17] and some other derivatives, obtained by cationic sub-
stitution either at A or B sublattices of the perovskite structure.
An approach that is much less explored is the replacement of
oxygen anions by other suitable elements, such as halogens
(F,Cl,...), anfigens (N) or sulfur. In this work we have been able
to replace some O by N anions, obtaining the first examples of
oxynitride double perovskites.

Transition-metal oxides can be transformed into oxynitrides
by ammonolysis, in chemical processes in which ammonia
behaves as a nitriding agent and additionally induces a change
in the oxidation state of the involved transition metals. The
increase in the covalency of the crystal structure induced by this
replacement at the anion substructure many times brings about
an electron delocalization effect, although yielding more insulat-
ing materials as a consequence of the strong perturbation of the
periodic potential at the anion substructure [18]. From the
structural point of view, oxynitrides often show the same struc-
tural type as the parent oxides for moderate substitutional rates
[19]. The lower oxidizing power of nitrogen as compared to
oxygen, leads to the difficulty of forming completely nitrided
perovskites (ABN3) or pyrochlores (A;BoN-7): oxynitrides with
partial nitrogen content are preferentially obtained [19,20].

The precise location of the nitrogen atoms and their role in the
structural arrangement of oxynitrides can be investigated by
neutron diffraction, as the x-ray scattering factors of oxygen and
nitrogen are not sufficiently different to permit the two atoms to
be distinguished. Among the oxynitrides studied by neutron
diffraction, most of them exhibit a random distribution of O and
N over the anion sublattice, as observed for the pyrochlore
Y>2Mo0,045N5 5 [19]. Only a few oxynitrides are shown to exhibit
an ordered nitrogen/oxygen arrangement: this is the case, for
instance, of TaON [21] with ZrO, baddeleyite structure, or
Nd,AIO3N [22], Sr,TaO3N [23] with K;NiF4-type structure and
SrMO,;N (M=Nb, Ta) [24] with perovskite structure.

In this work we have prepared partially nitrided derivatives of
the Sr,FeMoOg double perovskite, showing ordering at the O/N
anion sublattice, nitride ions only occurring at the basal ab plane
of the perovskite. These materials were obtained by ammonolysis
of precursor powders annealed at selected temperatures under a
NH; gas flow and its characterization was performed by x-ray and
neutron powder diffraction (NPD), chemical analysis, MOssbauer
spectroscopy and magnetic measurements.

2. Experimental

The samples were prepared in a two-step procedure. Precursor
powders were synthesized by a soft-chemistry citrate route. This
technique has the advantage to produce homogeneous and
reactive precursor oxides and at moderate synthesis tempera-
tures. Stochiometric amounts of Sr(NOs),, FeC;04-2H,0 and
(NH4)6Mo07054-4H,0 were dissolved in citric acid. The citrate
and nitrate solutions were slowly evaporated leading to organic
resins that contain a homogeneous distribution of the involved
cations. The resins were dried and annealed at increasing tem-
peratures, with a final treatment in air at 800 °C for 2 h. The
second step consists of the ammonolysis of the precursor oxides.

The powders were placed in alumina boats and treated in a tube
furnace under an ammonia flow (Alpha Gaz N36 B10
ppm H,0 < 400) of 0.12 1 min—"' at 650 °C and 750 °C for 6 h.

The N content of the samples was measured in a PE 2400
Series I CSNS/O Analyzer from Perkin Elmer. Acetanilide was
used as calibration standard for nitrogen.

The characterization and phase purity of the starting precur-
sors and resulting products were studied by x-ray powder
diffraction (XRPD) using a Bruker-axs D8 diffractometer (40 kV,
30 mA), controlled by a DIFFRACTP!“S software, in Bragg-Brentano
reflection geometry with CuKo radiation (1=1.5418 A) and PSD
detector. The data were obtained between 10° and 65° 26 in steps
of 0.05°. Neutron powder diffraction (NPD) diagrams were col-
lected at the Laboratory Leon-Brillouin, Saclay (France) at 295 K
and 2K at the 3T2 diffractometer with a 1=1.2267 A wave-
length. The refinement of the crystal structure was performed
by the Rietveld method [25], using the WinPLOTR [26,27] appli-
cation and the FULLPROF refinement program [28]. A Thomson-
Cox-Hastings pseudo-Voigt convoluted with axial divergence
asymmetry function was chosen to generate the line shape of
the diffraction peaks [29-31]. The coherent scattering lengths for
Sr, Fe, Mo, O and N were: 7.020, 9.450, 6.715, 5.803 and 9.360 fm,
respectively.

A Mossbauer spectrum was recorder in triangle mode using a
conventional spectrometer with a >’Co/Rh source. The analysis of
the spectra was made by nonlinear fit using the NORMOS
program [32], and the energy calibration was made with an o-Fe
(6 pm) foil.

The dc-magnetic susceptibility was measured with a SQUID
commercial superconducting quantum interference device on
powder samples, in the temperature range of 5-400 K. Magneti-
zation isotherms were measured at selected temperatures in the
magnetic field range from —5T to +5T.

3. Results and discussion

Two samples of Sr,FeMoOg _xN, oxynitrides were obtained as
black polycrystalline powders after thermal treatment of the
precursor powders at 650 °C and 750 °C in a NHs flow. For the
sample treated at 650 °C the chemical analysis yields a N contents
(x) of 1.00(5), whereas for the 750 °C sample x=0.30(5). The
laboratory XRD diagrams at room temperature (RT) of the starting
precursor and both oxynitride perovskites are shown in Fig. 1a, b,
and c, respectively. A pure ordered SroFeMoOg perovskite is also
shown in Fig. 1d for the sake of comparison. This last material
requires thermal treatments up to 1200 °C in a H,(1%)/Ar(99%)
reducing flow to reach an almost complete Fe/Mo long range
ordering [2].

In the three cases the perovskite structure exhibits a tetra-
gonal symmetry; the unit-cell parameters are a=5.6202(2) A and
c=7.9102(4) A, V=249.85(2) A> for Sr,FeMoOsN; a=5.5959(1),
c=7.9024(2) A, V=247.46(2) A> for Sr,FeMoOs;Ngs and, as a
reference, 5.5690(5), 7.8994(9) A, 244.99(1)A> for the almost
fully ordered Sr,FeMoOg sample obtained at 1200 °C [2]. In
Fig. 1d the ordered Sr,FeMoOg perovskite shows superstructure
peaks arising from the Fe/Mo ordering (e.g., 001 and 013 reflec-
tions). These superstructure peaks are visible, at the same angles,
for Sr,FeMoOs;Ng 3, but are much weaker for the Sr,FeMoOsN
compound, exhibiting a poorer crystallinity. The XRD pattern of
the x=1 compound suggests, thus, the formation of a pure,
partially disordered double perovskite oxynitride. From the ana-
lysis of the intensities of these reflections, via Rietveld refine-
ments from the XRD data, the degree of ordering was estimated to
be of 95% and 78% for x=0.3 and x=1.0 samples, respectively. The
Rietveld plots are illustrated in Fig. 2. If we define the parameter
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Fig. 1. XRD patterns for (a) the precursor powder, annealed in air at 800 °C, (b)
SrpFeMoOsN perovskite, treated at 650 °C in NHs flow, (c) SrpFeMoOs;Ngs3,
annealed in NH3 at 750 °C and (d) pristine SroFeMoOg, annealed in Hy(1%)/
Ar(99%) at 1200 °C.
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Fig. 2. Observed (crosses), calculated (full line) and difference (bottom) Rietveld
profiles for (a) SroFeMoOs 7Ng 3 and (b) SroFeMoOsN at 295 K from XRD data.

asd as the fraction of Mo atoms at Fe positions, we have asd=0.22
for the x=1.0 sample. Notice that asd would take a value of 0.5 for
a completely disordered sample. It is remarkable that the x=0.3
sample exhibits an Fe/Mo long-range ordering as high as 95%
(asd=0.05) even if it has been annealed at temperatures as low as
750 °C; as a reference the almost fully ordered Sr,FeMoOg double
perovskite with record Tc and Ms [2] had to be annealed at
1200 °C (in 1% H, flow) in order to minimize the antisite-
disordering, with asd=0.06. It seems that annealing in NH3 has

a beneficial effect concerning the optimization of the Fe/Mo long-
range ordering although, as we will describe later, the magnetic
properties become hindered upon N insertion into the anion
sublattice.

It is worth mentioning that the ammonolysis of a previously
obtained Sr,FeMoOg ordered double perovskite (that shown in
Fig. 1d) did not lead to the wanted incorporation of N into the
anionic sublattice. It seems essential to start from very reactive
precursors (previously treated in air up to 800 °C only) to consolidate
a mixed-anion network. In order to understand the different results
obtained after the treatments at 650 and 750 °C, it is pertinent to
consider the nature of the reactions between the precursor oxides
and ammonia. It is well known that NH3 can act both as a nitriding
and a reducing agent: when NHs acts as a reducing agent, the solid
product is accompanied by a loss of water and nitrogen molecules as
byproducts; during the nitridation the formed oxynitride is accom-
panied by water and hydrogen molecules. In addition, at tempera-
tures above 300 °C ammonia undergoes considerable dissociation:
2NH3 < Nyg)+3Hy). The formed hydrogen can also reduce the
precursor oxides. Depending on the relative rates of the processes
described, a more nitrided or more reduced product can be formed.
To achieve the most effective nitridation conditions, the ammonia
dissociation process should be minimized before it reaches the
sample’s surface [33]; if not, the reduction may overcome the
nitridation. Consequently, an increase of the ammonia flow with
the temperature is essential. Thus, increasing the ammonia flow
promotes water removal and the regeneration of active nitriding
species on the sample’s surface [34,35]. The partial dissociation of the
ammonia at elevated temperatures (i.e. 750 °C) before reaching the
surface of the material accounts for the stabilization of an oxynitride
phase with a low content of nitrogen (x=0.3). The nitrogen content
could be optimized at lower treatment temperatures (650 °C),
although as a drawback a poorer crystallinity of the perovskite
sample was observed.

A progressive expansion of the unit cell is observed upon N
introduction, as a result of the bigger ionic size of N>~ (1.46 A in
fourfold coordination) vs 0>~ (1.38 A) [36]. Whereas the main
reflections of the precursor powder (Fig. 1a) can be identified as a
mixture of STMoO,4 with sheelite structure and SrFeOs_; perovs-
kite, the obtained nitrided phases are free of sheelite phase.
Apparently, the nitridation process is favorable for the stability
of the perovskite structure. In a prototypical example, the com-
parison of the tolerance factors of ABO3; compared to those of the
corresponding oxynitrides in (Ca,Sr,Ba)MoOs3 perovskites upon
partial replacement of 02~ with N3~, led to conclude that the
nitridation reduces the structure distortion energy. By contrast,
AMo0O, sheelite phases decompose to AO and MoO, when reacted
with flowing ammonia [37].

A NPD study was useful to investigate the structural details of
Sr,FeMoOsN. This sample was selected, in spite of its lower
crystallinity, because of its optimized N contents. Two patterns
were collected, at 295 K (RT) and 2 K. The crystal structure was
defined in the I4/m space group (No. 87) Z=2, with unit cell
parameters related to ao (ideal cubic perovskite, ao~ 3.9 A) as
a=b~/2ay, c~2ap; in the present case a=5.6202(2) A and
c=7.9102(4) A. Sr atoms were located at 4d (0, ¥, % ) positions,
Fe at 2a (0, 0, 0), Mo at 2b (0, 0, 12) sites, oxygen atoms O1 at 4e (0,
0, z) and 02 at 8h (x, y, 0). The anti-site disordering obtained from
the XRD pattern (22%) was included in the model, but it was not
refined since a strong correlation with the magnetic contribution
to the scattering was found in trial refinements. The inclusion of N
atoms distributed at random with O1 and O2 resulted in rejection
from the O1 sites and convergence to the mixed (O,N)2 occupancy
factors included in Table 1, together with the unit-cell, atomic,
displacement parameters and discrepancy factors after the refine-
ment at RT and 2 K. The refined occupancy for N is slightly lower
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Table 1

Structural parameters for Srp,FeMoOsN phase after the Rietveld refinement from
NPD data at 295K and 2 K in the tetragonal I4/m space group; Z=2. Reliability
factors are also given.

T (K) 295 2
a (A) 5.6202(2) 5.6117(2)
c (A) 7.9102(4) 7.8949(4)
V (A3) 249.85(2) 248.62(2)
Sr 4d (0, 1/2, 1/4)
B (A%) 1.58(4) 1.24(4)
Fe 2a (0, 0, 0)
B (A?) 0.9(4) 23(2)
m(pig) 1.09(7) 2.2(1)
Occ (Fe/Mo)3, 0.781(8)/0.219(8) 0.781(8)/0.219(8)
Mo 2b (0, 0, 1/2)
B (A?) 2.0(5) 1.7(4)
m(pg) —-1.09(7) -1.2(1)
Occ (Mo/Fe)yp? 0.781(8)/0.219(8) 0.781(8)/0.219(8)
01 4e (0,0, 2)
z 0.2553(4) 0.2444(3)
B (A?) 1.4(2) 1.3(2)
Occ 0.98(5) 0.98(5)
(O/N)2 8h (x,y, 0)
X 0.2506(3) 0.2567(2)
y 0.2438(3) 0.2363(2)
B (A2) 1.6(1) 1.4(1)
Occ (O/N) 0.77(1)/0.23(1) 0.77(1)/0.23(1)
Reliability factors
Vi 2.76 3.37
Ry (%) 2.62 2.75
Rwp (%) 3.40 3.60
Rexp (%) 2.04 1.96
Riragg (%) 4.00 5.94
Rimag (%) 16.7 10.0

@ The Fe/Mo occupancy factors were determined from XRD data and fixed in
the refinement of the NPD data.

than expected, 0.91(4) atoms per formula unit. The occupancy of
01 is stoichiometric within the e.s.d.s. It seems that N is only
present at the basal ab plane of the perovskite structure. This is
concomitant with the flattened character of the tetragonal subcell
or aristotype, where ag=3.974A and cu=3.955A at RT,
Co/ap=0.995, whereas in the canonical Sr,FeMoOg double per-
ovskite the tetragonal substructure is elongated, ao=3.938 A,
c0=3.950 A, c/a=1.003 [2].

Fig. 3 shows the Rietveld fits for the two temperatures.
A significant magnetic scattering on the low angle reflections
for both 295 K and 2 K diagrams was observed, with a reinforced
magnetic contribution on the 011 reflection at 2 K (see insets of
Fig. 3). A global ferrimagnetic structure (magnetic moments at the
Mo position in an AFM arrangement with respect to the moment
over Fe position) was modeled in both cases; after the final
refinement, ordered moments of 2.2(1) uB and —1.2(1) uB were
obtained for Fe and Mo positions, respectively, at 2 K, and
1.1(1) and —1.1(1)puB at 295K, in a virtually AFM collinear
structure.

Table 2 shows the main interatomic distances and angles for
the sample at RT and 2 K; Fig. 4 illustrates a projection along c of
the tetragonal crystal structure. It consists of a three-dimensional
arrangement of FeOsN and MoOsN octahedra sharing vertices; in
each octahedron, one out of four ions in the basal plane are nitride
ions, whereas the two apical ones are always oxide ions. The
structure can be described as the result of a single anti-phase
octahedral tilting along the c-axis. The magnitude of this tilting
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Fig. 3. Observed (crosses), calculated (full line) and difference (bottom) NPD
Rietveld profiles for Sr,FeMoOsN at 295 K and 2 K. The two series of tick marks
correspond to the allowed Bragg reflections for the main phase and the magnetic
structure. The inset highlights the first reflections where a magnetic contribution
to the scattering is observed.

Table 2
Main interatomic distances for Sr,FeMoOsN at 295 K and 2 K.

T (K) 295 2

(Fe/Mo),,0¢ octahedra

(Fe/Mo),,-01 (x2) 1.940(3) 1.930(2) (x2)
(Fe/Mo0)24—(0O,N)2 (x4) 1.965(2) 1.9579(14) (x4)
{(Fe/Mo)24—(O,N) > 1.953 1.944
(Mo/Fe),,0¢ octahedra
(Mo/Fe),,-01 (x2) 2.015(3) 2.018(2)
(Mo/Fe)2,—(0O,N)2 (x4) 2.010(2) 2.0134(15)
{(Mo/Fe);,~(O,N)» 2.013 2.016
(Fe/Mo0)24,-01~(Mo/Fe),) 180.0 180.0
(Fe/Mo0)24—(0,N)2-(Mo/Fe)yp 178.44(8) 175.33(6)

can be simply derived from the Fe-(O,N)2-Mo angle as

180— (Fe—(O,N)2—Mo >
¢= 2

This angle evolves from a maximum value of ¢=2.33(6)° at
2K to ¢p=1.56(8)° at 295 K.

The FeOg and MoOg octahedra present a slight axial distortion
(compressed and elongated along the c axis, respectively). The
average (Fe-0) and {(Mo-0) bond lengths, of 1.953 and 2.013 A
at RT, are considerably different from those given by Retuerto
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Fig. 4. Schematic representation of the crystal structure of Sr,FeMoOsN, approxi-
mately projected along the [001] direction, showing the antiphase tilting of the
Fe(O,N)s and Mo(O,N)s octahedra.

et al. [2] for a well-crystallized, perfectly ordered Sr,FeMoOg
sample, of 2.003 and 1.947 A, respectively; surprisingly the
(Fe-(O,N)> distances in Sr,FeMoOsN are considerably smaller
than the (Mo-(O,N)> distances, in contrast to that observed in
the canonical Sro,FeMoOg double perovskite. When the anti-site
disordering increases in this oxide, both kinds of octahedra tend
to exhibit equal sizes, for instance of 1.97(5) and 1.98(5)A,
respectively, at 15K [5], since a complete disordering tends to
homogenize B'-0 and B”-0 distances. However it has never been
observed that the Fe coordination polyhedron becomes smaller.
This observation gives an important clue about the electronic
rearrangement of the transition metals upon nitridation: it seems
that Fe is becoming strongly oxidized as N>~ is incorporated into
the crystal structure, whereas Mo-0 distances appear to be longer
due the larger size of N>~ vs 0~ ions. If we start from a nominal
electronic configuration Fe?°+:Mo>>* for Sr,FeMoOg, as it is
commonly accepted, we conceive that we are shifting towards a
configuration Fe**(3d* S=2):Mo’*(4d?, S=1). In the ionic limit,
we propose a stoichiometry close to Sr,Fe**Mo®*0OsN for the
x=1 compound. We are, thus, reinforcing the magnetic moments
at the Mo sites and reducing the spin of Fe ions. This accounts for
the evolution of the ordered spins refined in the magnetic
structure at 2K, of 2.2(1)ug and —1.2(1) pg for Fe and Mo,
respectively (Table 1), reduced and enhanced, respectively,
regarding to those found in Sr,FeMoOg, of 3.9 pg and —0.37 pg,
respectively, at 15 K [5]. It could seem surprising that Fe** may
be stabilized in a reducing environment such as the NHs flow.
However, the nitriding effect, introducing N>~ in the anion
sublattice is shown to overcome the reducing effect of NH3 and
thus to stabilize transition metals in high oxidation states; for
instance Mo>>™* is stabilized in Y>Mo0,045N,5 from Y,Mo,0;
(Mo**) [19], or SrNbO,N, containing Nb>*, is stabilized at
1000 °C in NH5 flow [24].

In order to confirm the presence of Fe in a high oxidation state,
a Mossbauer spectrum was collected at room temperature for the
x=1 sample, shown in Fig. 5. The spectrum fitting was obtained
taking into account three contributions. The most abundant
component (51% of the resonant area) is a magnetic hyperfine
field distribution, which mean hyperfine parameters are
0=0.37 mm/s and Bypr=41T, characteristic of antiferromagneti-
cally ordered Fe** as observed into the double perovskite
Sr,FeMoOg. Overlapped to this subspectrum there are two broad
single lines with 6=0.66 mm/s and 0=0.16 mm/s, respectively.
A single line with isomer shift of 0.66 mmy/s is in agreement with

Rel. Trans. (%)

98 . Sr,FeMoO;N
295K
T T X T . T ) T J T )
-12 -8 -4 0 4 8 12

Velocity (mm/s)

Fig. 5. Mossbauer spectrum of SroFeMoOsN, collected at 295K, showing a
sextuplet corresponding to the antiferromagnetic ordering exhibited at this
temperature. It is fitted to tree contributions (see text).

the reported values for Fe with valence between +2 and +3 in
these systems. The third component, 32% of the resonant area,
corresponds to more oxidized Fe, therefore the presence of Fe+*
could be supported by Mossbauer spectroscopy. To confirm this
assignment we have also tried to study the sample above Ty, but
unfortunately, the sample decomposed upon heating above
300 °C under the vacuum conditions of the furnace.

The dc magnetic susceptibility for Sr,FeMoOs;Ng3 (Fig. 6a)
and Sr,FeMoOsN (Fig. 7a) samples exhibit a spontaneous increase
of the magnetization upon cooling, characteristic of ferromagnets.
For the sample with N contents x=0.3 (Fig. 6a), the T¢ is above
400 K. For this weak degree of nitridation we still observe similar
properties (but with smaller magnetization values) to those
observed for the pristine Sr,FeMoOg oxide (inset Fig. 6a and b),
where a Tc of 410 [2] or even 430K [36] has been reported.
Sr,FeMoOsN oxynitride presents a broad transition that does not
reach saturation even at very low temperatures (Fig. 7a). Tc is
difficult to estimate due to the broadness of the magnetic
transition from paramagnetic to ferromagnetic; it should be in
the 150-200 K temperature range. Above 400 K it is expected to
exist a second anomaly in the susceptibility since the NPD data at
RT already show an AFM ordering with a non-negligible ordered
moment at both Fe and Mo sites of 1.1(1) pg, We can define, thus,
two magnetic ordering temperatures; a Ty establishing the onset
for AFM interactions, well above RT, and a T, corresponding to
the ferrimagnetic interactions, in the 150-200 K range.

From the magnetization vs magnetic field isotherms repre-
sented in Figs. 6b and 7b we obtain a saturation magnetization of
M;=0.90 p/f.u. for the x=0.3 oxynitride, and Ms ~ 0.35 pg/f.u. for
the x=1 perovskite at 5 K. For Sr,FeMo0Os 7Ng 3 the magnetization
curve (Fig. 6b) is characteristic of a ferrimagnetic systems, with a
saturation magnetization well below the expected 4 pgp for a
perfect Fe3+ (3d® $=5/2)—-Mo’" (4d!, S=1/2) ferrimagnetic
system, which could be accounted for the different nature of the
magnetic double exchange interactions through Fe-N-Mo-N-Fe
paths compared with the better known Fe-O-Mo-O-Fe interac-
tions. It is certainly surprising that this almost fully Fe/Mo
ordered double perovskite presents such a low Ms; the presence
of 0.3 N3~ ions per formula unit is enough to produce a strong
perturbation of the periodic potential at the anion substructure
and to strongly disturb the double exchange paths, hindering the
establishment of a perfect ferrimagnetic arrangement between Fe
and Mo spins. Also, the effect observed by NPD seems to reduce
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Fig. 6. (a) Temperature variation of the magnetic susceptibility for Sr,Fe-
MoOs 7Ng 3, the inset shows the curve for Sro,FeMoOg and (b) isothermal magne-
tization vs magnetic field cycle for Sr,FeMoOs;Ng 3 at T=5 K, the inset shows the
isothermal curve for Sr,FeMoOg.

the Fe moments and increase the Mo moments, thus reducing the
saturation magnetization. As for the x=1 oxynitride, an additional
reduction of Mg comes from a certain degree of antisite disorder-
ing, implying that some Fe occupy the Mo sites and vice versa,
giving rise to the existence of Fe-rich patches, naturally occurring
in disordered samples and responsible for a pure antiferromag-
netic arrangement of the neighboring Fe magnetic moments
[17,38,39]. It is noteworthy that the 300 K isotherm (Fig. 7b)
corresponds to an antiferromagnetic material, showing no curva-
ture indicating a perfectly compensated B’ and B” sublattices; the
presence of magnetic scattering coming from this AFM structure
suggests a Néel ordering temperature above 400 K, as observed in
Sr,FeMoOg systems with a high level of antisite disordering,
where Ty's of 750 K have been reported [5].

4. Conclusions

Two oxynitride double perovskites are reported for the first time,
of composition Sr,FeMoOs-Ng3 and Sr,FeMoOsN (determined by
chemical analysis). They have been prepared by ammonolysis of
precursor powders of SrpFeMoOg stoichiometry. Both samples are
tetragonal and the unit-cell volumes are noticeably expanded with
respect to the pristine compound, due to the bigger size of N>~ vs
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Fig. 7. (a) Temperature variation of the magnetic susceptibility for Sr,FeMoOsN
recorded with zero-field cooled (ZFC) and field cooled (FC) conditions and
(b) isothermal magnetization vs magnetic field isotherms for T=5 K and 300 K.

02~. Annealing in NH; flow seems to favor the long-range ordering of
Fe and Mo ions over the B' and B” sites of the double perovskite,
obtaining an almost fully ordered perovskite (95%) at moderate
temperatures of 750 °C. As determined by a NPD study of a selected
sample, N atoms are preferentially found at the basal ab plane of the
perovskite structure, which is in connection with the flattened
tetragonal subcell; surprisingly the average (Fe-O) distances are
extremely reduced with respect to those found in the canonical
Sr,FeMoOg double perovskite, suggesting an oxidation effect due to
the introduction of N>~ anions, whereas (Mo-O)» bond-lengths
substantially increase, indicating a redistribution of the electronic
density, towards a configuration close to Fe**(3d*, S=2):Mo®* (4d’,
S=1); a Moessbauer spectrum collected at RT is compatible with the
presence of Fe**. The magnetic properties undergo a strong mod-
ification upon N introduction; the long-range ferrimagnetic ordering
characteristic of Sr,FeMoOg becomes hindered, with a substantial
decrease of the saturation magnetization and T for the more heavily
substituted compound: the ordered magnetic moment on the Fe sites
tends to decrease whereas that of Mo increases as a consequence of
the mentioned electronic redistribution induced upon nitridation.
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